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ABSTRACT

The scratch resistance of polymers has been the subject of numerous studies
that have led to the characterization of plastic and fracture phenomena during
scratching. Viscoelastic and viscoplastic behavior during scratching have been
related to dynamic mechanical properties that can be measured via dynamic
nano-indentation testing.

Yet, an understanding of the origin of the fracture

phenomena in a polymer during scratching remains approximate.

Parameters

like tip geometry and size, scratch velocity and loading rate, and applied strain
and strain rates, have been considered critical parameters for the fracture
process, but no correlation has been clearly established.

The goal of this work was to evaluate scratch resistance parameters as a
function of temperature and strain rate, and compare them to dynamic
mechanical properties obtained from nano-indentation tests over a range of
temperature for poly-methylmethacrylate (PMMA). Fracture in scratch testing is
modeled as resulting from tensile stresses behind the scratch tip.

A new

scratch fracture parameter is introduced that is related only to material
properties and not to the scratch tip geometry.

This ·study brings a new

understanding to the origin of fracture mechanisms during scratch testing, and
to the influences of indentation strain on the fracture strength of PMMA.
iv
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CHAPTER 1:

INTRODUCTION

Perhaps the oldest way for measuring the hardness of a material is based on a
scratch test. Mineralogists first developed this kind of testing to evaluate the
hardness of stones.

The hardness scale that resulted from this work was

based on the ability of one material to scratch or to be scratched by another [1].
An article by Blau [2] explains that more recently, the scratch test has found
new applications in efforts directed towards understanding the fundamental
mechanisms of wear and adhesion [3]. Scratching, abrasion, and wear are all
factors that diminish the properties of a surface [4].

There has also been in recent years a significant increase in the number of
studies of the mechanical properties of polymers [5]. The combination of their
low cost and the fact that they are easy to form and mold has generated an
increasing use of polymer materials as surface coatings. Nevertheless, their
lifetime is often limited by their poor mechanical properties.

For example,

automotive paints are subject to numerous forms of degradation. Among them,
scratching and abrasion are primarily responsible for the degradation of
appearance and loss of optical performance of these materials [6,7,8,9].
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As a simplification of complex abrasion processes, the scratch test has been
used with success to identify the main parameters responsible for the wear
resistance of materials [1 O]. However, how the properties measured during a
scratch test relate to the mechanical properties of a material is still not fully
understood.

Results from scratch testing have often been used to rank

materials but have rarely been linked to the fundamental mechanical properties
of the material.

This work will present, first, the motivation for such a study.

Specifically,

industry is more and more concerned about the behavior of polymer products.
Even though their industrial use is very common, polymer behavior is still not
fully understood.

It is then necessary to understand basics models used to study scratch
behavior and progress made in understanding scratch testing.

Different

parameters that are important either in the way the scratch test is conducted, or
in the analysis of the results from experiments, are discussed.

New experimental results are then presented that relate properties measured in
scratch test at temperature to mechanical properties measured by indentation
for poly-methylmethacrylate (PMMA). An explanation for the origin of fracture
in scratch testing is proposed that is related to the tensile stresses in the
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material in the region behind the scratch tip.

Finally, an examination of the

influences of strain and strain rate in a scratch experiment leads to a new
fracture parameter that is only dependent on the material and independent of
the tip geometry.

1. 1 Reasons for developing the scratch test

In addition to the empirical way it is used to estimate hardness, the scratch test
is used more and more frequently to study the mechanisms of degradation of a
surface. In this regard, the scratch technique has been used to solve several
important industrial problems.

1.1.1 Industry

Due to the importance of damage caused by wear of moving parts, industry has
invested heavily in the study of tribological properties. Wear can have various
detrimental consequences like the loss of function of a part in a mechanism, or
the loss of the esthetic appearance of a device.

In order to have a better

understanding of the importance of the problem it is constructive to consider an
example.

-3-

For a· long time now, car buyers have required both beauty and performance,
and that both these qualities be durable [11]. As automotive paint finishes have
become more and more mirror-like, defects in paints have become more visible
to the customer, resulting in increasing complaints. Most new cars now have a
paint composed of a basecoat/clearcoat coating system.

The basecoat

provides the color and the clearcoat gives the high gloss attributes. Scratching
and marring, which first affect the clearcoat, can be caused during shipping
from the factory, or after purchase due to car washes and normal day-to-day
wear and tear. Scratching not only causes of the loss of appearance, but also
after a certain time, the loss in the chemical resistance of the paint and
decrease in the protection of the basecoat.

Large automotive paint manufacturers, like Bayer [6,7, 11], or DuPont [9,5],
want to improve the quality of their automotive paints. One of the problems
they have is the automatic carwash, which is a normal recurrent activity. The
brushes used in the automatic carwash often scratch paint, and diminish the
visual appearance of the car.

The first step towards reproducing these wear conditions was to submit a
sample of paint to the brushes in rotation [6, 7, 11]. This gave the number of
scratches and the wear rate of the paint as a function of time. In addition, the
scratch resistance was related to the hardness of the coating, which allowed
-4-

them to rank the different paints. However, they also wanted to improve the
chemical composition of their paints. In order to do so, they had to know which
component in the polymer composition could improve the properties and
scratch resistance of the paint. What was needed was a way of estimating not
only qualitatively but also quantitatively, the scratch resistance and the
mechanical properties of the paints . The scratch test was adopted by many
paint manufacturers for this purpose [9]. More and more car manufacturers like
Ford and General Motors [1 2 , 1 3, 1 4, 1 5] , have begun to use micro and nano
scratch tests in order to relate the scratch resistance of their automotive paints
to their the mechanical properties and performance.

1 . 1 .2 Li n king wear problems to mechanical properties

Wear problems in materials are notoriously difficult to quantify.

During the

design of a product, the main information available to designers are material
properties and the previous observations . On the one hand , observations are
made "in the field" with the surface submitted to real abrasion and wear
conditions. On the other hand, the designer has to choose a material for a
certain application, and his decision is based on the intrinsic characteristics of
the material .

-5-

It is then important to develop tools that can bridge these two domains. The
scratch test can be seen as a important step in tryi ng to relate mechanical
properties and tribological properties of the material, as shown in Figure 1 .
Other important information ca n be obtai ned in indentation and tensile tests and
in wear tests (pin on disc). The scratch test is included in this general effort as
a way to fi nd a relationship between what is soug ht in design and the real
performance of parts subject to wear. Xiang, Sue, et al. [1 6] have investigated
how mechanical properties can affect scratch visibility on polymers. They have
explained that a scratch is noticed by a human eye for two main reasons: the
groove due to a plastic flow of the material, and the fracture of the material.
They then tried to find the mechanica l properties that would influence the flow
and the fracture of the material. Their resu lts, shown as a flow chart in Fig ure
2 , present the influence of the mechanical properties on these two phenomena .

The a i m of the present work is to use the well known , ductile-to-brittle-transition
in the tensile deformation of polymeric materials over a defined range of
temperatu re and strain rate in order to achieve a better understand ing of the
influence of ductile and brittle behavior on scratching .
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Design

Observation
"In field" Wear, abrasion,
damages

· · · ·· ·

Mechanical properties of
material

• . ...

..· · · ·

Pin on disc
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·-.. .

··. . ·
···

Indentation,
tensile test
.··•·

·· ..

···· ·········••"''''' '''

·-. .. .

·...

. .· ·
···· · ······· · ········ ·

SCRATCH TEST

Figure 1: scratch testing as a bridge between empi rical observation and
mechan ical properties of a mate rial.
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crack, void , debonding . . . . )

Plastic flow
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Tensile, tear, shear, induced
fracture

Surface
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coefficient
Modulus

Fig ure 2: Infl uences of mechanical properties on scratch behavior (from
C.Xiang, H.J Sue, J .Chu, B. Coleman [16])
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1.2 Importance of scratch testing

Scratching can be defined as the deformation and damage caused by the
motion of a sharp object, the "scratch tip", in contact with a surface.

The scratch can be used as a model for two types of real situations. The first is
a single scratch on a surface. This would be the equivalent of a sand grain
scratching an automotive paint, a key scratching a car (Figure 3), or a dust
scratching the lens of a camera. In this case, the scratch tip represents only
one asperity, which slides on the surface with a load applied to it, creating the
scratch.

The second situation that can be modeled by scratch testing is for complex
wear problems. This would be the case of a brush cleaning the car, in which
there are multiple points of contacts and asperities.

For this situation, the

scratch tip represents a simplification of the complex abrasive situation. Figure
4 shows how the scratch test represents only what is happening for one
asperity instead of the complex effect of all the asperities involved in the real
contact.

Ideally, one can generalize the results of the scratch test to

understand the larger complex abrasion problem.

-9-

Figure 3: Single asperity in contact with a surface [MTS systems]
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Real contact
Multi ple asperities

Scratch test

I
Simplification

Figure 4: The scratch test can be seen as a test wh ich decreases the
complexity of the abrasive contact from a real mu lti ple asperities to single
asperity contact.
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In both situations, the scratch process generates deformation on the surface,
which can be classified as elastic, plastic, fracture and delamination.

- 12 -

CHAPTER 2:

SCRATCH TESTING

In this chapter, we will consider a scratch tip sliding on a surface with a normal
load applied to it, and examine the important parameters derived from such a
test; special attention will be paid to the deformation and damage produced
during scratching.

In order to understand the scratch test, several parameters must first be
defined. Many of these parameters are related to the geometry of the contact
and the kinetics of the scratch tip on the surface

2. 1 Important parameters in scratch testing

2.1 .1 Scratch ti p geometry

The geometry of the scratch tip used to generate the scratch is of primary
importance in the scratch process. The scratch tip can have many different
shapes. These shapes reproduce approximately all the possible geometries

- 13 -

that an asperity can have in a real contact. A non-exhaustive list of the shapes
would be:
✓ Conical
✓ Pyramidal :

Berkovich, Vickers, cube corner . . . .

✓ Spherical
✓ Flat punch
The geometry of the scratch tip has an important effect on the type of
deformation and stresses induced in the material. For example, the edges of
the pyramidal shapes generate a concentration of stress at these geometrical
singularities. Thus, the Berkovich tip will generate a stress field quite different
than a sphere, due to the presence of the edges, which act like a knife. The
flow of the material in front of the scratch tip is different for a cone and a
pyramid. For the cone, the material does not meet a discontinuity in the surface
geometry, whereas for the pyramid, material flows along one surface until it
finds an edge where the characteristics of the flow change. Furthermore, for
the pyramidal shape, the scratch behavior is different when the scratch tip
moves in an edge or face forward, as shown in Figure 5. I n these two extreme
cases, the deformation is different due to a different stress fields [17, 18]. In a
brittle or semi brittle material, the presence of edges has a strong influence on
the fracture because of the stress concentrations they generate [19].

- 14 -

Edge forward

Scratch
direction

Scratch
d i rection

Face forward

Figure 5: Two d ifferent ways of scratching a surface with a pyramidal tip:
edge or face forward.
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2.1.2 Attack angle

The attack angle is defined as the angle between the surface scratched and the
scratch tip surface (Figure 6). The attack angle, like the scratch tip shape, has
an important influence on the type of deformation and damage caused to the
surface. The smaller the attack angle, the less severe the abrasive contact. I n
order to understand this clearly, the simple example of a knife and butter can
help.

I f one takes a knife and slides it on the surface of the butter at different angles
( Figure 7), different results will be obtained. I f the attack angle between the
blade and the butter is small, the knife will slide on the butter without too much
effect. Increasing the attack angle makes the blade penetrate into the butter,
thereby pushing a volume of butter in front of the knife. I f the angle becomes
too large, the deformation changes into a cutting behavior. I n this case, the
butter is shaved as a chip of material is formed and slides up on the scratch tip
surface.

Elastic, ductile and brittle behaviors during scratching have been studied by
Briscoe [20, 21], and Atkins [22]. Cutting behavior is triggered by a critical

- 16 -

Scratch
direction

Attack ang le

Figure 6: Defi nition of attack angle
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Scratch
direction

Ironing

Ductile plowing

Machining, cutting

Figure 7: Effect of variation of the attack angle on scratch processes
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value of the attack angle. This behavior is important in understand ing metal
cutting during machining. I n this work, the angle will be kept smaller than the
cutting angle.

I n the case of pyramidal shaped tips, the scratch tip shape

determines the attack angle (Fig ure 8).

The attack angle is one important aspect of the geometry of the contact
between the scratch tip and the surface.

The attack ang le determines the

severity of the deformation , and thereby the damage that results from sliding
contact.

2. 1 .3 Sphere radius

I n the case of a sphere slid ing on a surface , the attack angle is not constant if
the load is increased as the scratch is made. As shown in Fig ure 9, the attack
angle is very small at the point of first contact between the sphere and the
surface, and then , as the sphere penetrates into the surface, the attack angle
increases. For extreme cases, the attack angle is equal to zero initially, and
reaches 90 degrees when half of the sphere penetrates into the material . The
fact that the attack angle varies also has a strong influence on the strain
ind uced in the materia l .
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Berkovich

Cube corner
?Ji
�

o

Fig u re 8: Attack angles for Berkovich and a cube corner scratch ti ps (face
fi rst orientation}
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Scratch
direction

Attack
angle

Figure 9: Variable attack angle for spherical scratch tip.
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2.1 .4 Scratch speed

As a scratch tip moves on the surface, the parameters controlling its motion
also have an influence on the scratch behavior. The most important parameter
is the speed of the scratch tip on the surface. The speed of the scratch tip
controls the velocity of material flow around the scratch tip and the level of the
local stresses for a strain rate sensitive material. This speed is directly related
to the strain rate induced in the material.

Briscoe, Gauthier, Lafaye, and

Schirrer [20, 23, 24, 25], have examined the influence of scratch speed on
deformation. For conical and pyramidal indenters, an increase in the scratch
speed generates proportionally an increase in the strain rate. In the case of
polymers and time-temperature dependent materials, a high scratch speed that
induces a high strain rate will dramatically change the material response. This
emphasizes the importance of the scratch speed in the study of polymers.

2.2 Deformation and damage during scratch testing

A scratch experiment can generate many kinds of deterioration behavior and
damage, which require different parameters to describe.
deterioration behaviors are often categorized as follows:
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The scratch

✓ Elastic-plastic behavior
o Visco-elastic
o Visco-plastic
o Fracture behavior

2.2.1 Elastic / Plastic deformation

Gauthier and Schirrer [23] have used a model for scratching in which the
deformation can be split in two terms (Figure 1 0): the elastic and plastic plowing
terms. Elastic deformation is reversible and is recovered behind the scratch tip.
Plastic plowing is permanent deformation that can be observed afterwards by
making a cross sectional profile of the scratch .

Plastic deformation produces a groove that is flanked by two lateral pile-ups.
Plastically deformed scratch tracks can be described by the following
parameters shown schematically in Figure 1 1 :

Scratch width a : The distance between the peaks of the pile-up on each side of
the groove.
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Permanent plastic
deformation

Elastic recovery
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1

Figure 10: Model for the partition of scratch deformation in two terms:
elastic and plastic plowing (accord ing to Gauth ier [23]}
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15

Scratch residual depth p: The height between the nominal surface and the
bottom of the groove.

Scratch pile-up height hb� The height of the peak of the pile-up above the
nominal surface.

The scratch hardness Hs, has been defined by analogy to the indentation
hardness by Briscoe (20] as:

Equation 1

Where FN is the force normal to the surface and AN is the projected area (to be
discussed shortly).
account.

The scratch hardness does not take the friction into

The above parameters can be measured and calculated by

performing a cross sectional profile of the scratch (Figure 1 1 ).

Gauthier and Schirrer et al [23, 24, 25] studied the transition between elastic
and plastic deformation during scratch testing. Xie and Hawthorne [26] have
used the transition between elastic and plastic behavior to obtain the yield
stress of the material.

The simultaneous occurrence of these two types of

deformation influences the projected contact area between the scratch tip and
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the surface.

The cross sectional area of the scratch tip in contact with the

material at the nominal surface, is defined as the projected contact area A n
( Figure 1 2).

Consider a scratch tip that has a spherical shape. If the contact is fully elastic,
the contact area will be a full circle that recovers entirely behind the scratch tip.
For a fully plastic contact, the material is permanently deformed and the area of
contact will be half a circle (Figure 1 2) [24, 25] with area AN given by:

AN

1 a2
= 1t 2

4

Equation 2

If the contact is developed by both elastic and plastic deformation, the contact
area is modified by elastic recovery behind the scratch tip ( Figure 1 3). This
contact area is a very important parameter in scratch testing.

To a first

approximation it is given by area of a half circle. However, Gauthier et al [25]
have proposed to correct this approximation by adding, the area due to the
elastic recovery. This is made possible by the in-situ observation of the contact
area during scratching [23, 24, 25] and direct calculation of the contact area
from observations.
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Scratch
direction

Fig ure 12: Contact area definition for a spherical scratch tip in the case of
a ful ly developed plastic contact
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direction

Figure 13: Contact area for the case of elastic-plastic contact
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2.2.2 Fracture

I n add ition to elastic and plastic deterioration, scratching can also produce
fracture.

Fracture occu rs when the material cannot support the stresses

generated by the scratch tip. This phenomeno n is very reprod ucible in scratch
testing. The normal load , appl ied to the scratch tip at wh ich the fracture occurs
is called the critical load . Th is critica l load is often used as a measu re of the
fracture resistance during scratching [1 7, 1 9 , 27, 22].

The appearance of the fractu re can be quite varied . From left to right on Figure
1 4, the fracture can be chevron-like, can cause chipping and removal of
material, or can look like the material is flowing . When scratching a fi lm on a
substrate , one can also see, as in Figure 1 5, the delaminatio n and ru pture of
the bond between the film and the su bstrate.

The scratch test has been used to study the fracture of th in films and bulk
materials. Most of the testing methods lead to a ranking of the materials. The
automotive paint ind ustry uses the scratch test to estimate the influence of
processing and aging pa rameters on the d u rability of the paints. Numerous
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Scratch
direction

Figure 14: Different types of fracture during scratch testing of polymers.
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Delamination
Scratch
direction

Figure 1 5: Delam ination of a polymer fi lm on a g l ass substrate

- 32 -

stud ies have been published on the scratch resistance of clear coats and
automotive paints [28 , 6, 7, 1 1 , 8, 4, 9, 29, 1 3, 1 5].

N .X Randall et al.

and Jardet et al. have stud ied the effect of material

deterioration parameters on the fracture process [30, 1 7]. Briscoe has studied
the influence of strain on the fracture o n polymers d uring scratchi ng [20] ,
Mathia and Lamy have performed similar studies on ceramics [1 9]. Fracture is
primarily a result of the severity of the contact, and is primarily related to the
attack angle (2 . 1 .2) and the scratch tip geometry ( 1 . 1 .2).
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CHAPTER 3 :

I NSTRUMENTS / EXPERIMENTS

3. 1 Instrumentation
3.1 . 1 Overview of the N ano Indenter XP®
The apparatus used in this work was the Nano Indenter XP® ( Fig ure 1 6 )
manufactured by MTS Nano Instruments. It was originally developed for depth
sensing indentation, but its co nfiguration allows scratch test experiments to be
cond ucted at a small scale. It was used in th is work for both depth sensing
indentation and scratch experi ments.

The Nano Indenter® XP head is load -co ntrol led . The load is applied via a
mag neUcoil system in a directio n normal to the sample surface.

This

electromagnetic device allows for g reat precision and rapid control of the load .
The indenter/scratch tip is located at the botto m of a col umn held in positio n by
two leaf springs. This gives the system a very low vertical stiffness, but keeps a
high lateral stiffness to restrain lateral motio n of the column. The maximum
vertica l displacement of the column is 1 . 5 mm and the maximum applied load is
500 mN for the standard system. The sample is fixed on a sample tray that ca n
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Electromagnetic loading

-----.....►�device

Leaf springs
Capacitive gage

___.___ _.._. Optical sensor
_ LFM option
Scratch tip
---� Micrometric tables

Figure 16: Schematic diagram of a Nano Indenter® XP with scratch
testing capability
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be moved with micrometric tables that give high positioning precision in the two
horizontal directions. System specifications are given in Table 1 and Table 2 .

3.1 .2 Dynamic property measurement

The dynamic properties of the materials can be measured by indentation using
the Continuous Stiffness Measurement (CSM) option. The principle of the CSM
is to add a small amplitude oscillation to the continuous load signal. Analysis of
this signal in relation to the signal coming from the displacement of the tip gives
the dynamic stiffness, S and the contact damping, D, as a function of the
penetration into the surface [43] .

These dynamic measurements allow the

calculation of the loss modulus E", storage modulus E', and tangent 8 , using
the following equations [44] :

E' =

✓Tc _£
2 ✓A

Equation 3

Equation 4
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Table 1: Indentation Specifications for the Nano Indenter XP

Normal maximum load :

500 mN

Normal force resolution:

50nN

Maximum indentation depth :

1 mm

Displacement resolution:

< 0 . 02 nm

Table 2: Scratch test Specifications for the Nano Indenter XP

Scratch speed :

0. 1 µm/s ---+ 2 . 5mm/s

Scratch length:

1 0µm ---+ 1 00mm

Maxi mum lateral force:

250m N (All direction)

Lateral force resolution :

2µN

Lateral force Noise level:

< 50 µ N (without contact)

Scratch orientation:

0 ° ---+ 360°
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tanci

E"

=E'

H = _!_
A

Where

Eq uation 5

Eq uation 6

S is the dynamic stiffness of contact,
D is the contact damping,

ro is the angular frequency of the oscillation,
A is the area of contact,
H is the indentation hardness
P is the load

The strain rate applied during indentation has been defined by Barry Lucas [36].
When the hard ness is constant during the experiment:

h
h

lP
2P

Ei = - = -
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Equation 7

Where P is the load and h the indenter penetration. Indentation tests in this
p
work were performed at a constant value of - =0. 1 . nm.nm- 1 .sec- 1 .
p

3. 1 .3 Temperature capabil ity

The entire Nano Indenter® XP can be installed in a temperature chamber
manufactured by THERMOTRON to perform the tests at temperature. In this
chamber, the temperature is controlled with a precision of 0 . 1 ° C over the range
of operation (-50 ° C to 1 00° C).

Before and after each test (indentation or

scratch), the temperature of the chamber is recorded.

The temperature is

adjusted before starting a new test and the temperature regulation system is
turned off to avoid any noise or v ibration during the experiment.

3. 1 .4 Scratch test experiments
3. 1 . 4. 1 Scratch testing procedure

Scratch tests were performed by moving the micrometric tables that carry the
sample while the indentation head controls the load applied to the sample via
the indenter. During a scratch test, the normal force applied to the sample can
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be held constant, increased, or decreased. A typical scratch test in this work
consisted of four parts:

✓ First, a profiling of the surface was performed under a very small load
(20 µN), in order to record the original morphology of the surface before
the scratch was made.
✓ Then, as the scratch tip was moved along the same path at a constant
velocity, the normal load was increased linearly from 20 µN to the
maximum load to create the scratch.
✓ A post scratch profile was performed along the same path, under a very
small load (20 µ N), to measure the residual deformation in the groove.
✓ Finally, a profile across the scratch groove was made to give the shape
of the groove and evaluate the extent of plastic deformation.

A summary of the scratch procedure is given in Figure 1 7.

3. 1 . 4. 2 Relation between scratch and indentation measurements

The equivalence of the contact pressure in a scratch test and hardness in
indentation test has been shown in room temperature experiments by Jardret,
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Figure 17 : The four main parts of the scratch testing procedure
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Zahouani, Loubet, and Mathia [31 ].

The study of Jardret and Oliver [1 8]

showed an increase of the hardness when the strain rate is increased for room
temperature scratching.

Briscoe [39] and Gauthier and Schirrer [23, 24, 25] established that the strain
rate in a scratch test can be defined as:

·

Vtip

ES = --

Where

Vtip

Equation 8

is the scratch velocity and a is the scratch width.

In an indentation test, the hardness is defined as

Equation 9

where P is the maximum load and A the area of contact [32, 33].
For the scratch test the contact pressure, or scratch hardness, is estimated by:

4F8
Hs = q 1ta 2

[34, 20, 31
]
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Equation 10

where Fn is the normal load, a is the residual scratch width, and q is a material
coefficient equal to one in this study of PMMA.

3. 1.4. 3 Lateral force measurement

The Lateral Force Measurement (LFM) option of the Nano Indenter XP® allows
the measurement of the forces in the X-Y horizontal plane. During a scratch
test these forces correspond to the tangential friction force and to the lateral
scratch force as defined in Figure 1 8 . These forces are obtained by measuring
optically the lateral displacement of the indenter column in two orthogonal
directions (X and Y). Knowing the lateral stiffness of the column assembly and
the lateral displacement , one can calculate the lateral force applied to the
column.

3.2 Indenter geometry characterization

Due to the small size of the indenter/scratch tip, it is difficult to manufacture
certain geometrical shapes like a cone without rounding at the tip. That is why
conical tips are usually defined by the included angle of the cone a, and the
estimated radius of the tip rounding R (Figure 1 9).
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Figure 18: Forces during scratch testing
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Fig ure 19: Characterization of the conical geometry of the
indenter/scratch tip by a half included angle,
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a, and a tip rad ius, R.

In order to characterize precisely the shape of the indenter, indentation tests
were conducted on a material for which the elastic modulus is well known.
Fused silica is commonly used for this purpose. The spherical part of the tip
can be characterized by looking at the evolution of the equivalent indenter
width, or contact radius, compared to the indenter height (Figure 20).

The

measurement of the elastic contact stiffness as a function of contact depth
describes the indenter geometry.

Pharr, Oliver, Brotzen [35] have shown that the modulus E of a material as a
function of the stiffness of the contact S and the area of contact A in indentation
is given by:

E = ��
2 ✓A

Equation 11

From this relation , and assuming that the contact area is a circle in the case of
a conical indenter, the radius of contact re can be expressed:

rc

=

2E
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Equation 12

Width/radius

Height

Radius of curvature of tip

Figure 20: Re lations hip between the height and width of the scratch tip
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One can then plot the radius as a function of depth to obtain the shape of the
tip.

3.3 Critical load and Fracture analysis

As defined previously (section 2 .2.2) the critical load is that at which the
material starts to fracture. During an experiment, the load is increased linearly
and its value is recorded as a function of the distance along the scratch path.
The value of the critical load is determined by analyzing data after the test.
When particles are chipped out of the surface and/or cracks appear in and/or
outside the scratch, there is a sudden movement of the scratch tip that can be
seen as irregularities in the scratch penetration, and tangential force curves and
the residual scratch morphology. The critical load value is taken at the point
showing the first indications of irregularities. The critical load value can also
been confirmed by an optical observation of the scratch track and a length
measurement along the scratch track. This is illustrated for a scratch in PMMA
in Figure 21. The plot shows the vertical penetration of the scratch tip during the
scratch segment and the post profile segment. Fracture indications are present
in both. One has to keep in mind that the critical load is very dependent upon
the indenter/scratch tip shape. This is due to the fact that the geometry and the
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Penetration during scratch testing and post scratch profile vs. distance
along the scratch path
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Figure 21 : Indications of fracture on the post scratch profi le and the
scratch segment data
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attack angle are parameters that play an important role in determining the
stresses applied to the material.

The shape of the fracture is also a very important parameter.

The fracture

shape provides information about how the fracture happened.

Optical

observations of different types of fracture are shown in Figure 22 to Figure 25.
In Figure 22 the fracture during scratching caused chipping and removal of
material. Small cracks appear in the fracture shown in Figure 23. A cube corner
tip pulls out a lot of material ( Figure 24 ). Scratching a thin film can cause
delamination as illustrated in Figure 25.
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Scratch
direction

Figure 22: Fracture obtained with a 60° cone on a compound polymer
coating (un known com position).

Scratch
direction
�.:

Figure 23: Fracture of PMMA at 80 °C, obtained with a 90° cone and a
100mN load.
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Scratch
direction

Figure 24: Fractu re obtained with a cube corner on automotive paint.

Scratch
d irection

Figure 25: Fracture and delam ination of a polymer compound (unknown
com position) on a glass substrate d ue to scratching with a 60° cone.
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CHAPTER 4:

EXPERIMENTAL RESULTS AND DISCUSSION

Polymers exhibit a transition in mechanical behavior around their glass
transition temperature.

In order to observe a change in behavior in the range

of temperatures available for indentation and scratch tests , the polymer material
must have a transition in the range of temperature available to the Nano
°

°

Indenter XP® in the THERMOTRON chamber (between 0 C and 1 00 C).
PMMA (poly-methylmethacrylate), an amorphous thermoplastic, has a transition
°

close to this range (around 1 1 0 C) , and is glassy at room temperature.
Furthermore, numerous studies on this material have provided a great deal of
information on its v isco-elastic properties, the loss and storage modulii and the
stress strain behavior as a function of temperature [38]

4. 1 Indentation results as a function of temperature

Indentation tests provided basic information on the elastic modulii and hardness
as a function of temperature. The loss and storage modulii, the hardness, and
tan

o are

3. 1 .2.

obtained using CSM data and the equations presented in section

A Berkovich indenter was used for the indentation tests, which were

performed between 5° C and 90 ° C.
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Figure 26 shows that there is a decrease in the storage modulus and hardness
as the temperature is increased . Over the same range of temperature, the loss
modulus increases slightly, which leads to an increase in Tan 6 (Figure 27).
The combined observations suggest that the glass transition would be at higher
temperature. For PMMA the glass transition is at 1 1 0 ° C at 1 Hz. One can
notice that the storage modulus obtained with indentation test at room
temperature (5 Gpa) is higher that the values given by OMA testing at 1 Hz, in
the literature (3. 5 Gpa).

4.2 Scratch results as a function of temperature

Since the scratch resistance is mainly determined by plastic deformation and
fracture behavior, differences between ductile and brittle behavior in the scratch
test can be characterized by several important parameters. Ductile deformation
during scratching is evaluated through the contact pressure, the residual groove
depth, and the height of the pile-up. The applied load at which the fracture
occurs, the critical load is the basic measure of the fracture resistance.
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a5

.....

4.2.1 Relation with mechanical properties

Figure 28 compares the temperature dependence of the indentation and
scratch hardnesses. The indentation tests were conducted with a Berkovich
°

indenter and the scratch tests with a 90 cone with a 2 µm radius tip. The
hardnesses were computed using the contact areas determined from Eq uation
9 and Eq uation 10 , which take the tip geometries into account.

The difference in values between the indentation hardness (Eq uation 9) and
the scratch hardness (Eq uation 10) in Figure 28 is due to the difference in
strain rate between the two different experiments. Jardret and Oliver [1 8] have
shown, for different tip geometries , that at same strain rate the indentation and
scratch hardnesses are the same.

The two different values of strain rate,

obtained with Eq uation 8 and Eq uation 7 , are shown in the Figure 28.

Plastic deformation during scratch testing is commonly measured by the pile-up
height and the residual depth of the scratch. The plastic deformation produced
during indentation testing and scratch testing depends on the relative
magnitude of the elastic and plastic properties of the material.

The pile-up

height is related to both the modulus over hardness ratio and the indenter
shape [37, 1 8] and varies with strain rate and temperature.
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The results in Figure 29 show the effect of temperature on the pile-up of
scratched PMMA. Cross sectional profiles were performed at d ifferent positions
along the scratch . This position is given by the val ue at the load achieved
during the load ing ramp along the scratch path shown in the lege nd on the right
of the plot. The same positions are used at each temperature . On the same
plot the ratio E/H from the indentation tests is plotted . Figure 29 shows a strong
correlation between the pile up heig ht and the ratio of the mod u lus to the
hard ness.

Jardret [31 ] showed a strong correlation between the pile-up height and the
ratio E/H for a wide range of materials at room temperature . I n this work, the
same correlation is found at a variety of temperature.

The strain rate also has an effect on plastic deformation. Eq uation 8 shows
that the strain rate varies with the scratch speed . I n order to obtain a variation
in the strain rate , the scratch speed was varied at room tem perature.

The

shape of the groove was measured at the same position along the scratch (50
mN) and at d ifferent scratch speeds (Fig ure 30). H igher stra i n rates lead to
smaller widths and depths of the groove. Surprisingly, the height of the pile-up
does not seem to be affected by the strain rate.
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4.2.2 Dependence of the critical load on temperature

The parameter most commonly used to describe the ductile to brittle transition
in the scratch process is the critical load. The dependence of the critical load
on temperature was studied in this work for the scratch tests performed on
°

PMMA with a conical scratch tip with a 90 cone angle and 2 µm tip radius.
Figure 31 shows the dependence of the critical load as a function of the
°

temperature. The plot exhibits an inflection point around 50 C, which correlates
with a change in fracture behavior.

Fracture occurs at smaller loads for low

temperatures and higher loads for high temperatures.

The optical micrographs of scratch tracks in Figure 32 show a change in the
morphology of the fracture between high and low temperatures. Fracture is
more extensive at low temperatures with a lot of missing material, whereas, at
high temperatures, there is much less splintering on the sides of the scratch
track and material seems to have plastically flowed. A closer look at the end of
the scratch in Figure 33 shows that no fracture is present in front of the last
position of the indenter. This indicates, as it has been observed in other work
[1 6], that fracture occurs behind the contact.
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Figure 32: Observation of the fracture during scratch testing at d iffe rent
temperatures
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Figure 33: Optical micrograph of the end of the scratch track
demonstrating that fracture occurs behind the contact.
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4.2.3 Comparison of critical load to tensile behavior

In order to compare the fracture observations to known behavior for PMMA, the
literature was searched for compression and tensile data [38].

The compression test curves in Figure 34 show that temperature has an effect
on the steady state flow stress, with the flow stress being lower at higher
temperatures.

However, at all temperatures, the shape of the stress/strain

curve is generally the same. The elastic modulus, which is the slope of the
initial linear part of the curve, is changed by temperature. Different strain rates
have also been applied during these compression experiments. An increase in
the strain rate increases the magnitude of the flow stress.

As shown in Figure 35, temperature has a tremendous effect on the shape of
the tensile curves. At low temperatures, PMMA behaves like a brittle material
with very little plasticity and breaks at very low strains and high stresses. For
the hig her temperatures, PMMA behaves more like a rubber for which the
fracture occurs at high strains and lower stresses. The first part of the high
temperature curve represents the effect of straining on the Vander Waals bonds
and the orientation of polymer molecules in the tensile direction. Subsequently,
the stress is almost constant corresponding to the stress necessary just to
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uncoil the polymer chains. Ultimately, the stress would increase when covalent
bonds of the polymer molecule are strained.
An important feature to note in Figure 35 is that the shape of the stress/strain
°

curves changes around 50 C corresponding to the "brittle-ductile transition"
[38]. This transition correlates well with the transition observed in the critical
load during scratch testing (Figure 31 ).

This suggests that the fracture

mechanisms in scratch testing and tensile testing are similar;

There is also data in the literature for the temperature dependence of the yield
stress av and fracture strength (stress required to cause brittle fracture) as.
Figure 36 illustrates schematically that brittle fracture and yield are two
independent processes that are temperature dependent. Both the yield stress
and fracture strength decrease with temperature, and there is a transition
temperature at which av = as.

Below this transition temperature, the yield

stress is higher than the fracture stress and fracture dominates. Above the
transition temperature, the situation is reversed leading to yielding and ductile
behavior. The temperature at the intersection of the two slopes is the brittle
ductile transition temperature, which suggests the existence of a transition
between brittle and viscoplastic behavior. Collectively, the data in Figure 34,
Figure 35 and Figure 36 relate the behavior of PMMA behavior during scratch
testing to its tensile behavior. One has to keep in mind the strong
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effect of the strain rate on the transition temperature as illustrated later in Figure
39 . This leads to a hypothesis that may explain the origin of fracture in the
scratch test.

4.2.4 Hypothesis for the origin of fracture d uri ng scratch
testi ng

It has been suggested that fracture during scratch testing is due to tensile
tearing [1 6]. Results in this study, point out a very strong correlation between
the tensile behavior of the PMMA and the fracture behavior in scratch testing.
This leads to an explanation for the fracture origin, which is schematically
describ�d in Figure 37. A compression zone is created ahead of the scratch
that compresses material in front of the scratch tip, while tensile stresses
develop behind the scratch tip. If these stresses reach the value of the fracture
stress of the material, then fracture occurs.

This explanation is consistent with the fact that fracture is observed behind the
contact area and that the critical load exhibits the same "brittle-ductile"
transition as in tensile tests.
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Figure 37: Explanation for the origin of fracture and stresses around the
scratch tip
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To summarize, the fracture behavior in scratch testing is linked to the tensile
behavior of the material .

The transition observed in the critical load as a

function of the temperature occurs at a similar temperature as the one observed
in the tensile behavior of the PMMA.

Optical observation of the change in

fractu re behavior and comparison with the literatu re suggests that the fracture
is generated by tensile stresses behind the indenter, but only when the
temperatures are below the ductile-brittle transition.

4.3 Influence of Indenter shape on deformation behavior
and strain rate
4.3. 1 Geometrical considerations

In order to develop a better u nderstanding of the effect of the scratch tip
geometry on scratch deformation behavior, one has to first define several
d ifferent geometric parameters. As shown in Figure 38 if R is the rad ius of the
spherical part of the tip and a the half angle of the cone, the vertical heig ht of
the spherical part of the tip, h s p , can be calculated as:
hsp = R(l - sin a)
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Equation 1 3

►

d
h sp

II

Figure 38: Parameters for descri ption of the scratch tip geometry
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At the height h sp, the contact radius is rh sp and can be found as:

Equation 14

More generally, at a given height d, the contact radius re can be expressed as:

If d < h sp

Equation 15

If d > hsp

Equation 16

4.3.2 Strain rate

Figure 39 shows the influence of strain rate on the yield and fracture strengths

av and as, for PMMA [38]. An increase in the strain rate shifts the two curves
up and to the right, which also means that the transition between the two
behaviors is shifted to a higher temperature.

This means that the PMMA

becomes more brittle when the strain rate is increased.
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Figure 39: Effect of an increase in the strain rate on a8 and av at
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To compare these predictions with scratch test results requires a definition of
the strain rate in the scratch test. The commonly accepted far field moderate
rate [23, 24, 25, 39]:

·

Vtip

Eq uation 17

Es = -
a
will be used here.

°

4.3.2. 1 Results for a 90 angle cone with a 2 µm tip radius

Experiments were performed at room temperature to examine the influence of
°

the scratch strain rate on the critical load using first a 90 cone with a 2 µm tip
radius.

In order to obtain a variation in the scratch strain rate, the scratch

speed was changed, giving scratch strain rate defined by Eq uation 8. The
equivalence between scratch speed and strain rate is detailed in Table 3.

Figure 40 shows that the critical load decreases when the scratch strain rate is
°

increased for the 90 cone. This means that the PMMA fractures at smaller
loads when the strain rate, or the scratch speed, is increased.
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Table 3: Scratch strain rates corresponding to the scratch speed

Speed

Strain rate

200 µm/s

1 5.0353 µm/µm/s

20 µm/s

1 .2784 µm/µm/s

2 µm/s

0.1 1 51 µm/µm/s

0.2 µm/s

0.01 07 µm/µm/s
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Figure 40: Critical load vs. scratch strain rate for a 90 cone with a 2pm
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I n Figure 41, the results are replotted on the graph of critical load vs.
temperature. I t is evident that increasing the strain rate has the same effect as
decreasing the temperature, that is, it reduces the critical load and makes the
material behave in a more brittle fashion. This confirms the effect of the strain
rate shown on Figure 39.

°

4. 3. 2.2 Results for a 60 cone with a 4 µm tip radius

The strain rate dependence of the critical load for scratch experiments
°

performed with a 60 angle cone with a 4 µm tip radius are shown in Figure 42.
I n this case the dependence of the critical load on strain rate is the opposite
°

than the one seen for the 90 angle cone, that is the critical load increases with
the strain rate rather than decreasing, which suggests that the PMMA is more
brittle at smaller strain rates.

According to these experiments, the critical load , by itself, cannot be used
reliably to predict the fracture behavior of a material as a function of the strain
rate. One possible alternative is that fracture in PMMA occurs when a critical
deformation is reached. This hypothesis is explored in the next section.
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4.3.3 I nfluences of deformation on fracture during
scratching

In order to develop a better understanding of why the geometry of the scratch
tip influences the fracture behavior, it is useful to examine the geometry of the
scratch t ip and how it influences the contact deformation in the material (Figure
1 9).

The scratch tip geometry can be divided into two main parts: that associated
with the sphere at the tip, and the rest of the geometry, which is conical. These
geometries impose a totally different degree of deformation and strain to the
material during the scratch test. Tabor [1 ] had defined the equivalent strain for
a sliding contact between a sphere and a plane as:

Equation 1 8

Where re is the contact radius, R is the sphere radius, E is the elastic modulus
and ao is the yield stress. This definition has been applied to scratch testing by
other such as Gauthier [25] and Briscoe [40] .
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For the cone, the equivalent strain has been determined by K.L. Johnson [42]
as:
E
ec = 0.2 cot a -

Equation 19

Where a is the half angle of the cone.

However no one has studied the

cro

deformation of a cone with a rounded tip. I f it is assumed that the total strain
due to this scratch tip is a composite of the strains due to the two different
geometries, one can develop a model that takes into account the effect of the
two geometries. I n this work, an exponenti al function has been chosen to fit
and represent the total deformation

ETot

of the blunted cone. Combining the

effect of the two shapes, the approximation can be written as:

e Tot

Where,

f3,

e<-9rc > ) + ye e<-f3 rc )
- lec (t s

Equation 20

l, y, 0 are fitting coefficients, and Es , Ee are, respectively, the

deformation due to a sphere and the deformation due to a cone. Equation 20 is
a way to interpolate between the two different behaviors.

The two limiting

behaviors - the sphere deformation for small contact radii and to the cone
deformation for larger contact radii - are the two asymptotes.
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One has to keep in mind that this is a mathematical approximation of the
combined effect of the deformation due to a sphere
to a cone Ee ,

Es

and the deformation due

This curve has no theoretical basis.

This approximation is

°

presented in Figure 43 for the 90 cone with 2µm radius. The two asymptotes
represent the strain produced by a pure cone and a pure sphere. Note that the
strain is caused by a cone is constant whatever the contact radius is. For the
sphere, the strain increases with the contact radius. The exponential curve
°

shows the approximation of the strain generated by the 90 cone with a 2 µm
radius.

Results of modeling the behavior by Equation 20 are presented in
°

°

Figure 44 for both the 90 cone with a 2 µm tip radius and the 60 cone with a 4
µm tip radius. It is easy to see in the Figure 44 that for the same contact radius,
the deformation caused by the two different scratch tips is significantly different.
This observation suggests that it may be important to consider the depth at
which the fracture occurs during scratching, as a function of the scratch speed.
Results are shown in Table 4.

The table shows that for both scratch tips, the critical depth decreases as the
scratch speed increases. Since the relationship between the contact radius rc
and the depth d (Figure 20), is known (Equation 15 and Equation 16), the
critical depth can be converted to a critical contact radius. Values of critical
contact radius are shown as vertical lines on the plots Figure 45 and Figure 46,
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Table 4: Critical depth vs. scratch speed for thye two different scratch tips

0.2 µm/s

2 µm/s

20 µm/s

200 µm/s

°

7.083 µm

6.155 µm

5.177 µm

4.076 µm

°

4.082 µm

3.929 µm

3.801 µm

3.784 µm

90 cone
2µm rad ius
60 cone
4µm rad ius
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demonstrating the equivalent strain at fracture for the 90 cone
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which estimate the deformation, caused by the scratch tip. On these plots, the
four different scratch speeds generate four different critical contact radii for
each tip. The intersection between these vertical lines and the approximation of
the deformation, due to the scratch tip, gives the deformation at fracture.

°

For the case of the 90 cone (Figure 45), it is interesting to note that fracture
occurs at a depth that is into the conical part of the scratch tip. The deformation
at fracture is thus more due to a cone than to a sphere. Moreover this is true
for all the scratch speeds.

°

For the 60 cone (Figure 46), fractures occur in the spherical part of the scratch
tip well before the transition to the cone. Note that the different scratch speeds
°

generate fracture over a smaller range of strain than for the 90 cone. This is
due to the fact that the strain increases rapidly as a function of contact radius
for the sphere but stays constant for the cone.

The two plots in Figure 45 and Figure 46, presenting an approximation of the
deformation due to the scratch tip as a function of the contact radius can be
used to determine the strain at the fracture point for the different scratch
speeds. Results are presented in Table 5 and Table 6.

- 91 -

Table 5: Critical values for the 60° cone

Speed

Critical

Critical

Critical contact

Equivalent

Critical

µm/s

load

depth

radius

strain at

strain

mN

µm

µm

fracture µm

rate µm /

/ µm

µm /s

0.2

18.362

3.070

4.082

1969.94E-4

0.049

2

19.493

2.806

3.929

1905.23E-4

0.508

20

20.903

2.584

3.801

1849.43E-4

5.261

200

23.223

2.555

3.784

1842.06E-4

52.845
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Table 6: Critical values for the 90 ° cone

Speed

Critical

Critical

Critical contact

Equivalent

Critical

µm/s

load

depth

radius

strain at

strain rate

mN

µm

µm

fracture

µm / µm/s

µm/ µm
0.2

51 .4

6.255

7.083

1 958.71 E-4

0 .028

2

45 .906

5.326

6 . 1 54

1 936 .81 E-3

0 . 325

20

40. 1 6

4.348

5. 1 77

1 898.80E-4

3.863

200

30.30

3.247

4.075

1 822 . 1 6E-4

49 .068
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Knowing the critical contact radius and the scratch speed, one can calculate the
"critical strain rate", at which the fracture occurs as follows:

Ecritical

Vtip

= --rc critical

Equation 21

Results for the critical strain rate are also presented in Table 5 and Table 6.

Using the results in Table 5 and Table 6 Figure 47 shows a plot of the critical
deformation vs. critical strain rate. For both scratch tips the two curves are very
similar and exhibits the same trends. In order to compare the two curves they
have been fitted with a log function (Figure 47). The two curve fits return very
similar equations:

°

For the 60 cone:
y = -0 .0018Ln(x) + 0 .1907

°

For the 90 cone
y = -0.0019Ln(x) + 0.1901
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Eq u ivalent strain vs . scratch strain rate at critical point
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It is interesting to note that these results do not depend upon the tip geometry
and can therefore be considered as material properties much in the same
manner as the hardness or the modulus.

Furthermore, the data in Figure 42 help to explain the contradiction that was
noticed in the critical load evolution as function of the strain rate ( Figure 40 and
Figure 42). These plots have to be considered differently in order to explain the
contradiction in behavior of the two scratch tips. The curves critical load as a
function of the strain rate must be viewed as a curve limit above which the
material fractures. As shown in Figure 48, if a given load applied at a given
strain rate is represented on the plot by a point, the material will fracture if the
point is above the limit curve and won't fracture if the point is below the limit
curve. If the material fractures at a given strain rate and a given load (point on
the limit curve), an increase of the strain rate keeps the material in "fracturing
°

mode", in the case of the 90 cone, and causes the fracture stop in the case of
°

the 60 cone (arrows in Figure 48).

The same reasoning can be applied on the plot of equivalent strain vs. strain
rate at fracture ( Figure 4 7); crossing the fitted line, from left to right, causes the
material to fracture. The difference in the plot of Figure 47 is that deformation
and strain rate are changing at the same time.
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Thus, the increase in strain rate at a constant load is not a ho rizontal line
because the eq uivalent strain at fracture changes with the strain rate .
According to the strain rate definition given in Equation 8, an increase in strain
rate means a decrease in contact radi us.

Fig ure 45 and Figure 46 show that the same variation in contact rad ius
°

generates a larger change in eq uivalent strain for the 60 cone than for the 90
cone.

°

In the case of the 90 cone, the change in strain is small .

°

These

observations can be understood fro m Fig ure 47, where an increase in stra in
°

rate for the 90 cone prod uces a small change in strain and keeps the material
°

in the "fracture zone" above the curve limit. For the 60 cone , an increase in
strain rate decreases the strain more dramatically. Therefore, the strain caused
°

by the 60 cone becomes smal ler than the critical strain and subsequently, the
material stops fracturing (Figure 49) .

4.3.4 Use of t h e res u lts i n scratch analys is

The new resu lts can be used to characterize an unknown material or to pred ict
when the fracture during scratching will occur for a given material fo r which
some properties are known .
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Strain vs . strain rate at critical point
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4. 3. 4. 1 Unknown Material

In this case the indenter geometry is given and scratches are made on the
material at different speeds. Each test gives a critical load and critical depth.
Equation 1 5 or Equation 1 6 allows the calculation of the critical contact radius

from the critical depth. Then, the critical contact radius is used to determine the
critical strain rate by means of Equation 21 , and the critical strain via the
approximation of the deformation due to the indenter represented by Equation
20. This process is illustrated in Figure 50.

The dependence of the critical strain on the critical strain rate can be plotted in
the manner of Figure 47, which can be considered as a material behavior.
Another material behavior that can be obtained is the dependence of the
contact pressure, or scratch hardness, on the scratch strain rate (Figure 51 ).
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Figure 50: Process for determining the critical prope rties of an unknown
material by scratch testing
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Scratch Hardness vs. strain rate
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4. 3.4. 2 Material with a known scratch behavior

In this case, plots of scratch hardness vs. strain rate, H s =f( s ) (Figure 51 ), and,
critical strain vs. critical strain rate (Figure 47), are known for the material. The
geometry of the scratch tip is also known.

From the scratch tip geometry and the plot H s=f( s ), the contact radius can be
calculated at each point as a function of the strain rate and then, as a function
of the scratch speed.

The contact radius can be plotted on a graph of

equivalent strain vs. contact radius (Figure 44), which is obtained from the
indenter geometry. The equivalent strain can be extracted from this last graph
and plotted as a function of scratch speed. With known values for the contact
radius, the equivalent strain and the scratch speed, one can plot a curve
showing the dependence of the deformation on the strain rate.

Then, the

intersection between critical strain vs. critical strain rate and strain vs . strain
rate gives the point of fracture. This process is illustrated in Figure 52.
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H = f(e)
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Fig ure 52: Process for predicti ng the point of fracture by scratching test
on a known material
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CONCLUSIONS

CHAPTER 5:

In the first part of the study, the temperature was used to relate the mechanical
properties of PMMA measured by indentation and scratch testing.

One

important result is the equivalence between the indentation hardness and the
scratch hardness.

Cross sectional profiles of scratch tracks allowed an analysis of the plastic
deformation produced in a scratch.

The pile-up height shows a strong

correlation with the ratio E/H. This correlation has been shown for different
temperatures and strain rates

Influences of temperature were used to study the critical load at fracture during
scratch testing. From experiments conducted at several temperatures along
with data from the literature, a hypothesis was formulated concerning the origin
of fracture during scratch testing.

According to the hypothesis, fracture is

generated by tensile stresses that develop behind the scratch tip.

With an approximation of the strain produced in the material due to the scratch
tip and the results obtained from scratch tests at different strain rates, the
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deformation strain was revealed as a very important parameter in the origin of
fracture during scratching of PMMA.

The influence of the geometry of the

scratch tip can be separated by considering the equivalent strain for fracture. A
plot of critical strain vs. critical strain rate can be used to characterize the
important material properties. The results of this work can be applied to predict
when fracture will occur in other material with other scratch tips.
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CHAPTER 6:

SUGGESTIONS FOR FUTURE RESEARCH WORK

In order for this work to be complete, more experiments with different tip radii
are necessary.

What has been presented as an approximation of the equivalent strain, due to
the scratch tip could be calculated by finite elements simulation to provide a
more precise estimation of this deformation.

Instead of using the literature data, tensile test data obtained on exactly the
same material used for scratch testing would be useful for the purpose of
developing models.

Further experiments can be conducted recording the lateral forces, to have a
better understanding of the influence of the friction between the indenter and
the surface.

Experiments could be conducted on materials other than the PMMA to verify
that the hypotheses presented in this work are valid.
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